High-speed spectroscopy of two pulsating subdwarf B stars, KPD 210914401 and PB 8783, is presented. Radial motions are detected with the same frequencies as reported from photometric observations and with amplitudes of ,2 km s 21 in two or more independent modes. These represent the first direct observations of surface motion arising from multimode non-radial oscillations in subdwarf B stars. In the case of the sdB1F binary PB 8783, the velocities of both components are resolved; high-frequency oscillations are found only in the sdB star and not the F star. There also appears to be evidence for mutual motion of the binary components. If confirmed, it implies that the F-type companion is *1.2 times more massive than the sdB star, while the amplitude of the F-star acceleration over 4 h would constrain the orbital period to lie between 0.5 and 3.2 d.
I N T R O D U C T I O N
The discovery of small-amplitude non-radial pulsations in a number of subdwarf B stars (sdBVs) has introduced a powerful new tool for the study of stellar remnants , hereafter SDBV I, and subsequent papers variously by Kilkenny, Koen, O'Donoghue, Stobie and coauthors) . Long time-series photometric campaigns have detected rich spectra of oscillations in over a dozen targets, with frequencies and amplitudes generally indicative of low-order ` 0±2 and low-degree modes. The discovery has revolutionized the study of subdwarf B stars for the simple reason that pulsations in these stars were not expected. From a theoretical point of view, it appears that the pulsation mechanism is only effective when diffusion processes modify the outer layers of the star. Metal enrichment in a specific layer must conspire with the local temperature to drive pulsations through the opacity mechanism (Charpinet et al. 1997) .
In terms of their effective temperature and surface gravity, sdBVs are indistinguishable from their non-variable counterparts ± there is no instability strip in which all subdwarf B stars (sdBs) pulsate. The origin of all sdBs remains a puzzle, although the increasing detection of sdB binarity, including several sdBVs, may point to a previous phase of common-envelope evolution in many, if not all. The structure of sdBs is partially hidden as a consequence of atmospheric diffusion, which disguises the true composition and the mass of the hydrogen-rich envelope, both of which are key diagnostics of previous evolution. By enabling an exploration of the composition and mass of these outer layers, asteroseismology may be of pivotal importance.
Immediately after the discovery of sdBV pulsations, we recognized the potential for spectroscopy to provide additional diagnostics. Mode identification from photometry alone is challenging, and could be assisted by the identification of lineprofile variations, whilst the comparison of radial and light amplitudes could be used to determine stellar radii directly. Spectroscopy might also demonstrate the presence of higher-order modes not detected photometrically. The limitations are that the periods are short (100±500 s) compared with conventional CCD readout times, the stars are faint (12±15 mag), and the photometric amplitudes are typically only a few tenths of 1 per cent. Highresolution high signal-to-noise ratio (S/N) multiline studies such as those obtained for non-radial oscillations in rapidly rotating bright O and B stars (e.g. Reid et al. 1993; Telting, Aerts & Mathias 1997) would not appear to be feasible. However, the development of new techniques offered the possibility to acquire high-speed spectroscopy of sdBVs and here we report our first successful observations obtained in 1998 October. Subsequently, O'Toole et al. (2000) announced preliminary results of independent radial velocity observations. They report a 9 km s 21 amplitude periodic variation in the large amplitude sdBV PG16051072 at the principal frequency of 2.10 mHz found photometrically by Koen et al. (1998, hereafter SDBV VII) .
O B S E RVAT I O N S
The targets selected for our initial study were PB 8783 , hereafter SDBV II) and KPD 210914401 (Koen 1998 , hereafter SDBV IX, Bille Áres et al. 1998 . Although not ideal, our observations were scheduled when possibly more exciting targets such as PG13362018 (Kilkenny et al. 1998, hereafter SDBV VIII) and PG16051072 (SDBV VII) were not accessible. On the other hand, both targets have been well-studied photometrically , hereafter SDBV V, SDBV XI, Bille Áres et al. 1998 ) and show multiple periods in the ranges 7±10 and 5±6 mHz respectively, with amplitudes of a few millimagnitudes.
Observations were obtained with the 4.2-m William Herschel Telescope (WHT) on 1998 October 3 and 4 using the blue arm of the intermediate dispersion spectrograph ISIS. The R1200B grating and the TEK1 CCD with 1124 2 24-mm pixels yielded an instrumental resolution (2 pixel) R 5 000 in the wavelength interval 4020±4420 A Ê . This wavelength region was chosen because it contains two strong Balmer lines and, potentially, a number of neutral helium and minor species lines that are normally observed in early-B stars. It also maximizes the photon collection rate. A copper±argon comparison lamp was used to provide the wavelength calibration.
The CCD was read out in low-smear drift mode (Rutten et al. 1997) , in which only a small number j of CCD rows (parallel to the dispersion direction) are read out at one time. A dekker is used to limit the slit length, thus only a fraction of the CCD window, .j rows, is exposed at one time. After exposing for an interval t, the CCD contents are stepped down by j rows. This charge transfer imposes a small dead time d which is roughly proportional to the CCD window size. Each set of j rows is accumulated into a data cube containing n individual 2D spectra, stacked adjacent to one another. In practice the first few spectra in the frame are null, corresponding to the unexposed part of the CCD being read out before exposed rows reach the CCD edge. Comparison lamps and stellar spectra can be obtained in exactly the same way. Maximum frame sizes limit n to a few hundred; we normally adopted n 200 before beginning a new frame.
In our experiment, j was set just wide enough to admit a small region of sky either side of the stellar image and to allow for edge effects between adjacent spectra. On-chip binning by a factor of 3 further reduced the readout time and data-volume. t was chosen so that t 1 d was approximately 1/10 of the typical observed pulsation period. Values for t, j and Sn are given for each target in Table 1 , together with the average number of counts detected per wavelength resolution element c, and the maximum S/N s anticipated in each exposure from nominal performance figures (Benn 1997) . In this configuration, d 1X57 s and the readout noise was 5.24 electrons per pixel.
As a result of occasional errors in the CCD controller, not all exposure times t were equal, roughly one in 100 exposures would drop by an unpredictable amount. These were identified by integrating the total counts in each individual spectrum and adjusting individual exposure times to reflect the photometry.
The data cubes were reduced using scripted standard iraf routines. After bias subtraction and flat-fielding, the 1D spectra were optimally extracted and sky subtracted. The copper±argon arc spectra obtained at the beginning and end of each data cube were time-weighted for each stellar observation and the corrected calibration derived and applied. Over the duty cycle of one data cube, the arc shifts were never greater than a few mm. Further reductions included normalization of the spectra and cosmic ray removal.
Cross-correlation of the arc spectra showed that the maximum shift during a half-hour period was around 7 mm (about a quarter of a pixel). Arc exposures showed that this was varying smoothly during the night and as calibration data were obtained before and after each stellar data cube, then simple spectral interpolation of the extracted 1D spectra (weighted by the time interval from the bracketing arc spectra) removed any instrumental shift to probably within 1 mm (,0.9 km s 21 ).
The final data product is a set of files each containing n 1D wavelength-calibrated flux-normalized spectra. Each spectrum is time-tagged. The mean spectrum for each of our targets is shown in Fig. 1 .
A N A LY S I S A N D R E S U LT S
The primary objective of our observations was to detect and measure radial motion arising from the dominant oscillatory modes detected from photometry. There was the additional possibility that line-profile variations or multiple modes might be detected, as well as any mutual motion within any binary system.
The most commonly adopted method for measuring radialvelocity shifts in stellar spectra is the cross-correlation function (ccf). We constructed a mean spectrum for each target. This template was cleaned to remove stationary features such as bad CCD columns. Both template and individual spectra were continuum-subtracted; they were already linearized to the same wavelength scales. The ccf for each spectrum relative to the template was computed and stored as a 2 d function x(t,v), where t is now time, dt is the mean sampling interval and v is radial velocity relative to the template. The velocity of each spectrum was found by (a) fitting a Gaussian to, (b) fitting a parabola to and (c) computing the centroid of x(v) in the range 2dv to 1dv, to give functions v g (t), v p (t), and v c (t), respectively. Moments
was sensitive both to the method chosen and the value of dv.
The functions v(t) were investigated for periodic content by means of the discrete Fourier transform p. Either a low-degree polynomial or a long-period sine function b(t) was first fit and subtracted from v(t). p {vt 2 bt} was then computed.
The velocity data v p (t) and p are shown in Figs 2 and 3. These figures also show a representation of the principal frequencies and amplitudes discovered photometrically (SDBV V,IX). 1 Throughout this paper, the term amplitude applied to periodic signals refers to the semi-amplitude a of the sine function a sin2pnt fX
The information we require from the amplitude spectrum is not in the first instance the significance of the peaks but rather the amplitude associated with expected frequencies. Over the entire range 0X1 , 2aSndt , namHz , 1adt , 90Y p shows many peaks of comparable amplitude which on their own have little statistical significance. However the coincidence in Figs 2 and 3 of the highest peaks in p with the highest peaks in is more remarkable and is regarded as a positive signature of oscillatory behaviour in the spectroscopic data. The resolution 2andt , 0X1 mHz in p is insufficient to resolve the fine structure observed in much longer photometric time series.
KPD 210914401
Because its spectrum is not contaminated by that of a late-type companion, the results for KPD 210914401 are the less complicated to interpret. A background drift of approximately 9 km s 21 over 5 h is approximately linear and defines b. We adopted dv 150 km s 21 to establish v p (t) and to construct Fig. 2 . Principal peaks in the amplitude spectrum are evident at n 1 5X09 and n 2 5X48 mHzX
The same frequency structure in p was obtained for dv 150Y 300 and 450 km s 21 when either a Gaussian, parabolic fit or centroid is used to measure v(t). In the interval 4.5±6.4 mHz, minor peaks occured at n 3±7 4X77Y 5.24, 5.33, 5.90 and 6.03 mHz in most of these analyses. Beating may be responsible for some peaks; for example n 3 n 1 2 n 2 2 n 1 Y n 6 n 2 1 n 2 2 n 1 X Thus only n 1 and n 2 could be identified as genuine from the present data.
The probability of finding a set of peaks at pre-specified frequencies and exceeding a given amplitude threshold by chance may be computed as follows. For a given frequency range Dv, count the number of peaks n which exceed a given threshold v thresh . Then count the number of peaks n id which lie within a resolution width^d v of the predicted frequencies. The probability of this number occurring by chance is
For KPD 210914401, we chose Dv 6 mHzY v thresh 1X5 km s 21 and dv 0X05 mHz which gave n 3Y n id 2 and hence p 0X0025X In order to interpret the amplitudes of the identified peaks, we carried out the following numerical experiment (Table 2) . We first formed the sum of a series of sine functions each having a frequency n i , amplitude a i and a random phase shift f i . The n i and a i were based on the photometric results for KPD 210914401 (SDBV IX). This sum was sampled at the same times t j as the observations, st j S i a i sin2pn i t j 1 f i X 2
To this we added normally distributed noise with a standard deviation s 15 km s 21 similar to the observational scatter. p was derived and usually found to contain peaks at the principal input frequencies, but not always with the same amplitude ratios. Minor peaks were less frequently identified. The amplitudes of the highest peaks within^0.1 mHz of the test frequencies were measured. This procedure was repeated n times and the average amplitudes for each detected frequency ka H i l were computed. In the case of KPD 210914401, the spacing of some input frequencies is less than the resolution provided by the limited time series. Consequently, the measured amplitudes represent some sum from several independent sine functions. Interference, or beating, means that the apparent amplitude of such a signal will vary according to the relative phases of the components. This is apparent in Table 2 (six-frequency simulation), where the relative standard deviation of the amplitude of the composite signal at 5.09 mHz is much higher than that of the single-frequency signal at 5.21 mHz. The experiment was repeated with only two wellresolved input frequencies and yielded the ratio a H aa , 1X0^0X1X Reducing s reduces the error on a H aa arising from experimental noise, but not that arising from mode beating or data sampling. It was also repeated for n and a appropriate to the second target PB 8783 with a similar result.
Therefore, we conclude that the peak amplitudes of 2.49 and 2.68 km s 21 at frequencies 5.09 and 5.48 mHz in KPD 210914401 reflect to within ,20 per cent (standard deviation) the combined real amplitudes of oscillations within ,0.05 mHz of these frequencies (Table 3 ). The principal causes of uncertainty in the amplitudes are beating between unresolved modes and experimental noise.
The 9 km s 21 drift in b may be real. Instrumental drift is limited to &0.9 km s 21 (Section 2). The heliocentric correction, which was not applied to the data, changes by less than 0.4 km s 21 . In the simulations described above, the rms. amplitude of b was 1.7 km s 21 . Although KPD 210914401 is not known to be a binary, it cannot be ruled out. PG 1336 2 018 was only recognized as a binary from its eclipses; the secondary is too faint to be detected spectroscopically (SDBV VIII).
Line profile variations?
In addition to radial velocity information, x contains information about line-profile variations, since the ccf represents an average line profile within the region of spectrum analysed. In the present case, the average line profile is dominated by two Balmer lines, Hg and Hd. The average line width and asymmetry are indicated either by the moments M 2,3 , respectively, or by the coefficients g 2,4 in the Gaussian 1 linear fit gv g 0 expv 2 g 1 2 ag 2 1 g 3 1 g 4 vX Neither the Fourier transform p{M 2 (t)} or p{g 2 (t)} showed peaks near n 1 or n 2 . With suitably chosen dv, both p{M 3 (t)} and p{g 4 (t)} showed frequency structure similar to p{v(t)}. However, the amplitude of peaks in p{M 1 (t)} only approached that of p{v p (t)} if dv was sufficiently large, in which case the periodic content of M 3 (t) was essentially lost. This implied that M 3 contained velocity information not properly incorporated into M 1 . p{g 4 (t)} showed peaks at 5.09 and 5.55 mHz with dv , 400±600 km s 21 Y but not otherwise. In the case of intrinsically sharp lines, such asymmetry may reflect differential radial motion across the rotationally broadened line profile. In the present study, any rotational broadening is convolved with Stark broadening in the Balmer lines and is difficult to interpret. Consequently, whilst we suspect that there may be evidence for line-profile variations with similar frequencies to the radial motions, we can draw no firm conclusions from the present data.
PB 8783
The binary PB 8783 is altogether more difficult to analyse because of the superposition of sdB and F-star spectra. The results shown in Fig. 3 are based on fitting a parabola to x (v) with dv 420 km s 21 X In deriving the amplitude spectrum in Fig. 3 , the background function b(t) was found to be best given by a sinusoid with an amplitude of 10 km s 21 , representing a systemic drift substantially larger than that in KPD 210914401.
On inspection, the typical ccf for PB 8783 consists of a strong broad component FWHM , 1400 km s 21 superimposed by a small narrow component FWHM , 200 km s 21 Y Fig. 4 ). The narrow feature disappears when the template is replaced by a theoretical sdB star spectrum containing H and He lines only, and is deduced to be the result principally of metal lines in the F-type secondary. This is confirmed when x is calculated using only wavelengths between Hd and Hg; the broad component disappears leaving a small narrow peak.
The detection of two components in x offers the possibility of resolving the radial motions of the binary components. The mutual motion of the F-star is clearly apparent when x excludes the Balmer lines, and appears as a change of ,10 km s 21 during the five-hour observing run. However, the sign of the change remains the same when the theoretical sdB spectrum is used as a template, indicating that the Balmer lines in the F-star contribute significantly to x.
The problem was resolved by fitting x2dv : 1dvY dv 280 km s 21 with the function gv g 0 expv 2 g 1 2 ag 2 1 g 3 1 g 4 v 1 g 5 v 2 Y where the quadratic terms fit the broad component and the Gaussian terms represent the narrow component (Fig. 4) . The functions g 1 (v) and 2g 4 va2g 5 v were examined to determine the mutual motion of each star and to look for highfrequency content. The results are shown in Figs 5 and 6 , where it will be seen that the slowly varying components are of opposite sign. It is suggested that, in the absence of viable alternatives for these systematic drifts, these slowly varying components are most probably a result of the mutual motion of the two stars within the binary.
If this is the case, a linear regression on the first 4 h of both sets of velocity data gives the relative acceleration of the two components. The result, Dv F aDv sdB 20X81^0X10Y provides an estimate for the mass ratio of the two stars M sdB aM F , 0X8X This is a little high for an F-star on the main sequence (1.1±1.8 M ( ) and a canonical sdB star (,0.5 M ( ), and suggests that the relative motions have still not been fully resolved. Further information concerning the velocities of the two components relative to one another is convolved into the composite Balmer profiles in the ccf template and will require observations of the complete binary orbit to disentangle. Whilst the binary period is clearly longer than the data sequence, it is constrained by the relation
M is the total mass of the system (M ( ), q M F aM sdB is the mass ratio, P is the orbital period (d) and K F is the velocity semiamplitude of the F star (km s 21 ). For example, with M sdB 0X55 M ( Y M F 1X2 M ( Y i 308 and P 2 dY K F 32 km s 21 X The maximum change in velocity over the time-scale of our observations (0.15 d) would be Dv F , 15 km s 21 Y compared with 13 km s 21 observed. Inverting the procedure, we can determine the maximum P as a function of i required to obtain Dv F 13 km s 21 in 0.15 d. For M F 1X2±1X8 M ( Y the maximum P increases from 1X0 2 0X8 d at i 108 to P 3X7 2 3X2 d at i 808X Eclipses are not expected at inclinations &808.
It is satisfying to detect the photometric frequencies already reported for PB8783 (SDBV V) in the deconvolved radial velocities of the sdB star ( Fig. 5 ) and to find no such signal in the radial velocities of the F star (Fig. 6 ). This provides confirmation that the photometric and radial velocity variations are the result of pulsations in the sdB star and not in the cool companion. A similar result was obtained for PG13362018 (SDBV VIII), except in that case the persistence of oscillations during an eclipse of the unseen companion provided the necessary proof.
From this point, the interpretation of the sdB star velocities is the same as that for KPD210914401. Peaks in the velocity amplitude spectrum were identified at five frequencies also present in the photometry. The resulting pulsation velocity amplitudes were thus found to be in the range 1X1±2X2 km s 21 and are shown in Table 4 . Regarding the probability that these frequencies were identified by chance and following the prescription already given for KPD 2209 1 4101Y we found with v thresh 1X5 km s 21 that n 9Y n id 3 and p 0X0034 (Fig. 5 ).
Relaxing v thresh 1X0 km s 21 yielded n 27Y n id 6 and p 0X0083X Kjeldsen & Bedding (1995) investigated the relation between velocity and luminosity amplitudes for several classes of main-sequence, giant and supergiant pulsators and derived the calibrated relation dLaL l v osc am s 21 la550 nmT eff a5777K 2 20X1 ppmY 4
Relating luminosity and velocity amplitudes
where ppm denotes parts-per-million. We tested whether these predictions could be extended to the sdBVs since we have both light dLaL and velocity (v osc ) amplitudes for the same oscillation frequencies. We found that the observed velocity amplitudes are .2 times those expected from the photometry and equation (4). However, equation (4) has been derived from cool stars pulsating in radial or non-radial p-modes and it may not be applicable to pulsations in the hot sdBVs. We note that the amplitudes of individual modes in sdBVs have been reported to vary from one season and possibly one night to another (SDBV VIII). Beating between unresolved modes will certainly affect the velocity amplitude measurements. Simultaneous highspeed photometry and spectrocopy will be required to properly relate the velocity and luminosity amplitudes and to make any futher validation of equation (4).
For future investigation
We have left two issues for future investigation. (1) Compared with its apparent surface gravity, the observed pulsation frequencies of PB 8783 are too high (Koen et al. 1999 ). The expectation is that its surface gravity log g 5X55Y O'Donoghue et al. 1997 should be much higher. It is recognized that this could be the result of inadequate subtraction of the F-star spectrum, a conjecture which should be checked using higher quality data, including those presented here.
(2) If the mode and amplitude of a spherical harmonic responsible for each pulsation frequency is specified, then it is relatively straightforward to integrate the projected surface velocities to provide a theoretical radial velocity curve. It is slightly more complicated to construct the theoretical light curve. From the combination it should be possible to refine the mode and amplitude measurements already established.
C O N C L U S I O N S
High-speed high-resolution spectroscopy of two non-radially Table 3 except that n p , a p are from SDBV V. The identification marked (:) is tentative. n p a p n v a v mHz mmi mHz km s 21 pulsating subdwarf B stars KPD 210914401 and PB 8783 has been acquired with the William Herschel Telescope. These data show radial velocity variations at both high and low frequencies. Highfrequency peaks in the velocity amplitude spectrum correspond to frequencies identified in the light curves of both stars, and have allowed the velocity amplitudes associated with these stellar oscillations to be estimated. Typically ,2 km s 21 , these translate into radial variations of some 100±250 km within 60±90 s. The prospect for measuring the velocity amplitudes of non-radial pulsations in sdBVs with much higher amplitudes is promising. Line-profile variations were not detected in the data although there are good reasons to suppose they should be present. The possibility that frequencies not present in the photometry may contribute to the velocity amplitude spectrum should also be pursued.
In the case of the binary sdB PB 8783, low-frequency velocity variations corresponding to the mutual motion of both components have been resolved. These provide an upper limit to the orbital period of between 0.8 and 3 d, depending principally on the orbital inclination. Establishing the orbital period for this star should therefore be a priority for future observations. The deconvolution of component star velocities also demonstrated that highfrequency velocity variations occur only in the sdB star and not in the F star.
